Abstract: Nonlinearities induced by the electrical amplifiers and the optoelectronic devices can be detrimental effects in visible light communication (VLC) systems. In this paper, clustering algorithm based perception decision (CAPD) is proposed to mitigate the nonlinear distortion in a VLC system. Aided by CAPD nonlinear compensation, we experimentally demonstrate a multiband CAP modulated VLC system consisting of a red light-emitting diode as a transmitter and a p-i-n photodiode based differential receiver. The system performances including the Q factor, bit error rate (BER), and computational complexity are thoroughly investigated when using a pure linear blind equalization scheme (modified cascaded multimodulus algorithm, M-CMMA) and when using hybrid linear and nonlinear equalizers (M-CMMA + Volterra series based nonlinear equalizer). The experiment results show that compared to pure linear equalizer case, the measured BER can be enhanced up to 1e−6, correspondingly the Q factor of each subband can be improved for around 1.6-2.5 dB by employing CAPD. The CAPD method can outperform the Volterra series based nonlinear equalizer with a lower BER value (at least 10% reduction) and relatively lower complexity. To the best of our knowledge, this is the first time that the clustering algorithm in machine learning is successfully applied to VLC systems.
Introduction
Visible light communication (VLC) based on light emitting diodes (LEDs) has attracted increasing attention due to cost efficiency, immunity to electromagnetic interference and high security [1] . Carrierless amplitude and phase (CAP) is a multilevel and multi-dimensional advanced modulation format proposed by Bell Labs for short range communication which similar to QAM signal [2] , [3] , and it does not require a carrier source [4] . Additional performance can be gained by increasing the number of subcarriers towards m, thus the concept of m-CAP, as the decreasing subcarrier bandwidth approximate toward flat bands [5] . Compared to quadrature amplitude modulation (QAM) and OFDM, no complex mixer or optical IQ modulator for electrical complex-to-real-value conversion is required, because filtering and complex-to-real-value conversion of CAP signals can be done simultaneously in the shaping filters, which can reduce the complexity of the system structure [6] .
For VLC systems, signals will suffer linear and non-linear damages from the system devices during transmission and reception. In our group previous work, a blind post equalization scheme called modified cascaded multi-modulus algorithm (M-CMMA) has been proposed to compensate for linearity in a CAP modulation-based VLC system [6] . With the development of high-order modulation technology, the compensation for non-linearity has gradually become one of the key challenges in VLC system. The nonlinear intermodulation distortion (IMD) can be caused by nonlinearity of electrical amplifiers (EA) and inherent nonlinear impairments of electro-optical devices. At present, some groundbreaking researches focus on the non-linear phenomena of VLC system, such as V-I model of LED source [7] and a post distortion technology to estimate and compensate LED nonlinearity at the receiving end [8] . Our group demonstrated a high speed CAP VLC system utilizing Volterra series based nonlinear post-distorter [9] . It should be noted that due to the inherent complicated expression of Volterra series, the computational complexity of a Volterra equalizer is expected to be higher than traditional linear equalizers given the same taps number. On the other hand, if the order of Volterra equalizer was limited (usually a Volterra equalizer is up to the second order to simplify the complexity), the nonlinear compensation accuracy will be degraded.
Recently, machine learning offers many powerful models to optical communications. An artificial neural networks scheme has been introduced into IM/DD optical links to infer simultaneously the linear and non-linear channel response in 84-GBd 4-PAM fiber optical transmission system [10] . Support vector machines (SVM) based classification are used to solve nonlinear phase noise [11] . As a typical machine learning algorithm, K-means algorithm has been proposed to be one of the emerging techniques in optical communications to mitigate the memoryless nonlinear phase noise and to do radio frequency carrier recovery [12] , [13] . However, within these framework only constant modulus modulation such as QPSK or 8PSK can be compensated with a certain phase rotation angle. In higher order QAM modulated VLC system, how to compensate both amplitude and phase nonlinearities simultaneously is still a challenge.
In this paper, we experimentally demonstrate a clustering algorithm of machine learning based perception decision (CAPD) scheme to mitigate nonlinear impairments of a multi-band CAP16 VLC system. The impact of nonlinearity on different bands in multi-band CAP is also studied. By using the CAPD, the Q factor of the VLC system is improved by 1.6∼2.5 dB compared with pure linear compensation case. The performance of nonlinear equalizer based on Volterra series and CAPD are also experimentally compared. CAPD performs better than Volterra equalizers because of its 10% BER reduction at least, as well as a lower complexity, clearly validating the feasibility of the proposed nonlinear compensation scheme.
Principle
Generally, a system is an assemblage of interacting things. There are many reasons for the nonlinearity of the VLC system, including PIN photodetector, the transmitter driving circuits and the amplifier. Therefore, it is a feasible and effective method to compensate the non-linearity of the whole VLC system by machine learning models. Fig. 1 shows the transfer curve showing back-toback relationship between Tx data and Rx data directly of VLC channel.
The perception decision model based on machine learning is suitable for the compensation of the distortion signal which uses induction rather than deduction. The machine learning model includes regression models, classification models, and clustering models. Considering the characteristics and practicability of the system, the clustering model in machine learning is more suitable.
K-means perception decision model is a cluster algorithm that considers only the statistical laws of the received data itself and does not care which part of the system leads to the generation of non-linear effects. Fig. 2 shows the principle of the perception decision based on k-means algorithm implemented in time domain: 1) Select a subsequence from the r x data of length L. The visible channel is a slow decay channel. As a tradeoff between computation complexity and performance, a suitable subsequence can be used to replace the entire r x sequence with almost no performance loss. 2) Initialize cluster centroids c 1 , c 2 . . . c k . There are two ways to initialize the centroids, one scheme is to randomly initialize the center points, and the other one is to attribute the centroids as the value of the standard constellation. The different initialized centroids will not lead to different accuracy of the algorithm, but will require different iteration loops to achieve a fine convergence of error function in step 4. Particularly, in order to make the centroids converge faster, the standard constellation point can be chosen as the initial value. 3) Calculate shortest distance d i between x i and each cluster centroid c j by using (1) .
where x i is the two-dimensional vectors [x i (n), x q (n)] formed by their I/Q data sample pair. c j is the current center point. f(x,c) is the distance function which can be defined by Euclidean distance, Manhattan distance, Mahalanobis distance, etc. The Manhattan distance is more efficient in the high-dimensional, the experiment is performed in a typical low-dimensional situation (2-dimensional of I/Q), so we chose the Euclidean distance as the distance function (2) as
4) The center point is iterated through (3) until the center deviation error is less than the threshold E. Otherwise, repeat (1) to (3).
where the value of d i = j is {0,1}. 5) Through actual center point and standard constellation points s j obtained the correction vector v j as a complex number. 6) Every data x i in r x are corrected by their nearest cluster center c j and the correction vector v j , respectively. Fig. 3(a) shows the constellation of traditional judgment. From the red circle in the figure can be seen, if the overall system of non-linear effects, there may be a local cluster distortion, so there will be a lot of errors. As shown in Fig. 3(b) , the CAPD can find the center of every cluster by clustering algorithm and compensate the whole cluster by correction vector. Therefore, the CAPD compensates the influence of nonlinearity on the system to a certain extent. The generated signal is then passed through a bridged-T amplitude hardware pre-equalizer [15] and amplified by electrical amplifier (EA). The electrical CAP signals and DC-bias voltage are combined by a bias tee, and then applied to the red chip of a RGB LED (Engine LZ4-20MA00). Lens and grating are employed in the VLC channel.
Experiment Setup and Results
At the receiver, a commercially available PIN photodiode (Hamamatsu 10784) is used to detect the signal. Then, the received signal is amplified by an EA and recorded by a digital storage oscilloscope (Agilent 54855A) with sampling rate of 500 M Sample/s for further offline signal processing. In offline signal processing, the received signal is firstly sent for each CAP demodulation of 5 sub-bands. A modified CMMA based post equalizer and a CAPD is deployed [16] . Finally, the signal is decoded in the QAM decoding function and restored to the original binary data. Fig. 5 shows the VLC channel curve, the transmitted spectra of transmitter and the received spectra of the receiver.
To validate the system nonlinearity, we first measure the transfer curve of VLC system, as shown in Fig. 1 . The experimental signal is a 20 M bandwidth single-band CAP model. And it has exactly the same setup as the multi-CAP experiment above. Obviously, the output data through the VLC channel has a significant nonlinear distortion.
Taking into account that the excessive number of sub-sequences greatly caused the complexity of the algorithm. However, too short length of sub-sequence impact on the accuracy of the algorithm. We measured the CAP16 system in the appropriate sub-sequence length. As shown in Fig. 6 , when the subsequence is less than 1000, the center point is not accurate and the error is unacceptable. When the subsequence is less than 2000, a little of instability in Fig. 6(b) may occur in the algorithm. When the number of sub-sequences in 2000 to 3000, the system error in the acceptable range. Firstly, the received constellation points of different sub-bands is depicted in Fig. 7 , when the system bias voltage is fixed at 2.2 V. It can be found that the received constellation points of multi-band CAP signals will generate rotation and excursion in certain regions, due to the presence of nonlinear effect. From Fig. 7(a)-(e) , the constellation points of r x were greatly distorted due to the nonlinearity, so the degraded signal may not be correctly decoded. But intuitively, different constellation points can be distinguished by the naked eye, and we believe that clustering algorithms belonging to machine learning are appropriate when solving such problems. As we can see from the red circle in Fig. 7(i) , the distance of the outer ring constellation is significantly reduced, since the point with high level will suffer from more serious nonlinearity. Through the comparison of Fig.  7 (f)-(j) and Fig. 7(a) -(e), it can be clearly seen that the k-mean algorithm effectively distinguishes data belonging to different constellation points. In Fig. 7(k)-(o) , Constellation point after correction of the corrective vector. In particular, as can be seen in Fig. 7(i)-(n) , since the k-means clustering algorithm based CAPD determines the attribution by the center and the distance, there will be very few misjudgments in the case of special points between the two centers. This problem can be solved by density-based clustering algorithms, such as Density-Based Spatial Clustering of Applications with Noise (DBSCAN).
For a clear comparison, we measure the Q factors versus bias voltage for each sub-band. It should be noted that the BER for the previous two sub-bands utilizing the CAPD can obtain error free and Q factors to infinity. So we artificially set its Q factor as 14 dB to facilitate a demonstration of the Q factor. As the Fig. 8 shows, it can be found that the performance of the first and second sub-bands can significantly outperform the next three sub-bands. Because the entire modulation voltage falls within the linear region, the second sub-band has a good performance under only linear equalization. With the increasing of sub-band indexes, the sub-band is carried in higher subcarrier frequencies. Thus, the system performance will be seriously deteriorate, due to the low SNR induced by high frequency attenuation. Besides, we compare the Q factors with and without CAPD. The measured results show that the overall system performance can be significantly improved by employing the CAPD to compensate for the nonlinear distortion. And the Q factor of each sub-band can be improved at least by 0.8 dB. Especially for the 1, 3 and 4 sub-band, the maximum improvement of Q factor can be up to 2.5 dB. And the second sub-band can achieve the same performance as the first sub-band, when the CAPD is employed.
In order to further test the anti-nonlinearity of CAPD, we compared CAPD and Volterra equalizer. In particular, we artificially set BER of 0 error as 1E-6 to facilitate a demonstration of the BER performance. From Fig. 9 , the second band in the linear region has a very good effect, in the experiment only use a linear equalization can achieve error free. In addition, it can be seen that the performance of the 3 to the 5 sub-band is similar, so we select the fourth sub-band to do the performance test. Strictly speaking, CAPD is a decision method rather than the equalizer. Because of the high complexity, Volterra equalizer only implement the 2 or 3 order in the experiment [9] , and the fitting performance is limited in the more complex nonlinear. As the Fig. 9 shown, the systems utilizing non-linear and linear compensation had better performance than linear compensation. For nonlinear compensation, CAPD performs better than Volterra equalizers because the error rate drops to 10% on average. The low SNR (at lower bias voltage and signal Vpp) and the nonlinearity (at higher bias voltage and signal Vpp) will both deteriorate the system performance. Based on experimental results, 2.2 V bias voltage and 1.2 V input signal Vpp is the optimal working point, which cloud meet the needs of all five sub-bands. Specifically, in the environment with high light intensity, CADP can also improve the work scope of the system.
The complexity of Volterra Equalizer and CAPD is compared. In Fig. 10 , where N is the taps of nonlinear equalizer. In our VLC system, the optimal tap numbers of the nonlinear equalizer are 21 to 41, L is the length of the sub-sequence, I is the number of iterations, in the experiment, usually between 3 and 7. In particular, CAPD does not need data aided, which is the same as blind-equalizer. In general, CAPD complexity is lower than Volterra equalizer.
Conclusion
In this paper, we experimentally demonstrated a VLC system based on 5-band CAP16 modulation using a single RGB LED. The impact of the nonlinear transfer function of the entire VLC system on the performance of the data transmission was analyzed. We proposed a non-linear compensation method based on machine learning, and also experimentally validate the k-means clustering algorithm-based perception decision in CAP16 system. The Q factor of each sub-band in the system is improved by 1.6∼2.5 dB compared with pure linear compensation case. CAPD performs better than Volterra equalizers because of its 10% BER reduction at least, and it also with a lower computational complexity. In the experiment, we found that the potential of this system is far from being excavated. The results clearly demonstrate the benefit and feasibility of the clustering algorithm for the VLC system.
